incises in 3Ј the AP site resulting from the removal of 8-oxoG.
The oxidized base 8-oxo-7,8-dihydroguanine (8-oxoG), the
In contrast, UNG is a monofunctional glycosylase, that can product of deamination of cytosine uracil (U), and the sites only remove U leaving a natural AP site as its end product.
of base loss [abasic (AP) sites] are among the most frequent
The latter must be incised subsequently by a major hydrolytic mutagenic lesions formed in the human genome under AP endonuclease termed APE, HAP1 or Ref-1 that copes with physiological conditions. In human cells, the enzymatic~9 000 AP sites per cell per day in the human genome (2) . activities initiating DNA base excision repair (BER) of Therefore, hOGG1, UNG and APE/HAP1 are the starting 8-oxoG, U and AP sites are the 8-oxoG DNA glycosylase enzymes that recognize and process three of the most frequent (hOGG1), the U-DNA glycosylase (UNG) and the major and miscoding lesions of endogenous origin. 8-oxoG, U and hydrolytic AP endonuclease (APE/HAP1), respectively. In the natural AP sites are repaired with different efficiency in recent work, we observed that BER of the three lesions human cell extracts. The AP site is by far the most efficiently occurs in human cell extracts with different efficacy. In repaired lesion whereas 8-oxoG is the least (5) . The efficiency particular, 8-oxoG is repaired on average 4-fold less of U repair is intermediate. Those differences in repair capacity efficiently than U, which, in turn, is repaired 7-fold slower might be linked to different expression of hOGG1, UNG and than the natural AP site. To discriminate whether the APE/HAP1 in human cells or to different kinetic features different rates of repair may be linked to different expres-(or to both). The following experiments were performed to sion of the initiating enzymes, we have determined the discriminate among the above possibilities. amount of hOGG1, UNG and APE/HAP1 in normal human cell extracts by immunodetection techniques. Our results Materials and methods show that a single human fibroblast contains 123 000 ⍨ 22 000 hOGG1 molecules, 178 000 ⍨ 20 000 UNG molecules Cell culture and extracts and 297 000 ⍨ 50 000 APE/HAP1 molecules. These limited Normal human fibroblasts GM 5757 were obtained from the Human Genetic differences in enzyme expression levels cannot readily Mutant Cell Repository (Coriell Institute, Camden, NJ) and cultured as recommended.
Introduction

Expression and purification of recombinant proteins
The hOGG1 cDNA (a gift from Dr Arthur Grollmann) was introduced into Cells were harvested by centrifugation and disrupted on ice by sonication with a Braun Sonic U using maximum power. Total cell extracts were Abbreviations: AP, abasic; APE/HAP1, human AP endonuclease; AU, absorbance units; BER, base excision repair; hOGG1, 8-oxoG DNA glycosylcentrifuged for 15 s at 10 000 r.p.m. and His-tagged proteins in soluble fractions were applied to NTA-agarose (Qiagen, Santa Clarita, CA) and ase; 8-oxoG, 8-oxo-7,8-dihydroguanine; U, uracil; UNG, U-DNA glycosylase; UNG∆84, human recombinant UNG; UNG1, mitochondrial form of human affinity purified. Eluted proteins were dialyzed against 50 mM NaCl, 20 mM Tris pH 7.4 and 10% glycerol and loaded onto HiTrapSP (Pharmacia, Uppsala, UNG; UNG2, nuclear form of human UNG. 25 µl of UNG∆84 solution at concentrations of 1, 5, 10 and 50ϫ10 -9 M Twenty-five microliters of GM 5757 extract were fractionated in lanes 1 and were resolved in lanes 3-6, respectively. Immunodetection of UNG protein 2 and 25 µl of hOGG1 solution at concentrations of 0.5, 1, 5, 10 and was performed as described in Materials and methods. (B) The intensity of 50ϫ10 -9 M were resolved in lanes 3-7, respectively. Immunodetection of bands in lanes 3-6 in the upper panel was determined by scanning hOGG1 was performed as described in Materials and methods. (B) The densitometry and expressed as AU*mm.. The molar concentration of UNG intensity of bands in lanes 3-7 was determined by scanning densitometry in extracts was determined using the regression equation of the linear part and expressed as AU*mm.. The molar concentration of hOGG1 in extracts of the plot (points 1, 5 and 10ϫ10 -9 M) describing the absorbance of bands was determined using the regression equation of the linear part of the plot of purified UNG∆84 as a function of its molar concentration. (points 0.5, 1, 5 and 10ϫ10 -9 M) describing the absorbance of bands of purified hOGG1 as a function of its molar concentration. Tris, 192 mM glycine, 20% methanol for 1 h at 100 V. Membranes were Human recombinant UNG (UNG∆84) (molecular mass: 27 kDa) lacking stained with Ponceau Red to check the blotting efficiency, washed with the first seven non-conserved N-terminal amino acids of the catalytic UNG distilled water and blocked at 4°C overnight in PBS or Tris-buffered saline domain was expressed in E.coli and purified as described previously (7).
containing 0.1% Tween plus 5% dried skimmed milk. Membranes were Affinity purified human APE/HAP1 protein (molecular mass: 37 kDa) was incubated with polyclonals anti-hOGG1 (1:750 dilution) ), anti-UNG (1:2000 provided by Novus Biologicals (Littleton, CO). It was prepared as described dilution) or anti-APE/HAP1 (1:1000 dilution) for 1 h at room temperature by Duguid et al. (8) .
and subsequently with peroxidase-conjugated goat anti-rabbit IgG (whole Polyclonal antibodies molecule, Sigma, St Louis, MO) at a dilution of 1:2500 for 1 h at room A polyclonal antibody raised in rabbits against the whole hOGG1 protein temperature. Immune complexes were visualized by the enhanced chemiwas purchased from Alpha Diagnostic International (San Antonio, TX). A luminescence (ECL) system (Amersham). polyclonal antibody against UNG∆84 (termed PU101) was raised and purified
Quantification of hOGG1 UNG and APE/HAP1 as described by Slupphaug et al. (7). A polyclonal antibody raised in rabbits
The intensity of bands was determined by scanning densitometry and expressed against affinity-purified APE/HAP1-GST fusion protein was purchased from as absorbance units (AU)*mm. The molar concentrations of hOGG1, UNG Novus Biologicals.
and APE/HAP1 in extracts were determined using the regression equation
Immunodetection of hOGG1 UNG and APE/HAP1
calculated on the linear portion of the graph describing the absorbance of Twenty-five microliters of protein solution at the indicated concentrations bands of purified proteins in the same experiment as a function of their molar and an equal volume of GM 5757 extract were loaded onto a discontinuous concentration. The number of enzyme molecules per cell was calculated taking into account that 1 µl extract was prepared from 25 000 cells. 5-12% SDS-PAGE minigel and electrophoresed at 90 V for 15 min followed tion yielded a major 8-oxoG glycosylase form of 38 kDa (16,17) together with other minor forms that are encoded by alternatively spliced hOGG1 mRNAs and have different intracellular localization (15) . Figure 1 shows a typical quantification experiment of hOGG1 by immunodetection. Twenty-five microliters of GM 5757 extract, containing 80 µg of protein, were loaded in lanes 1 and 2. A major band with an apparent molecular mass of 38 kDa was observed in the extracts together with a number of additional bands, which most likely correspond to alternatively spliced forms of hOGG1 (15) . Pure hOGG1 (25 µl at concentrations of 0.5, 1, 5, 10, 50ϫ10 -9 M) was resolved in lanes 3-7. This protein shows a molecular mass of 41-42 kDa for the presence of a polyhistidine tag. Data were quantified by the plot relating the absorbance of bands of pure hOGG1 (lanes 3-7) to its molar concentration (Fig 1B) . The equation describing the linear part of the graph is y ϭ -0.17 ϩ 0.19x. The r 2 coefficient was 0.98. Using this equation, the concentration values of the major 38 kDa hOGG1 band in the two lanes of GM 5757 extract (lanes 1 and 2) were 3.38 and 3.16ϫ10 -9 M, respectively. It must be noted that although direct comparison of bands of extracts and the pure protein may suggest a higher concentration value for the 38 kDa form in extracts (compare the major band in lanes 1 and 2 with that in lane 5), this approach may be misleading due to minor deviations of experimental points obtained with the pure protein from the linear arrangement. When all bands were considered, the therefore 46 000/123 000 ϭ 37% of total hOGG1.
UNG Effect of purified hOGG1, UNG and APE/HAP1 on the efficiency of repair of
The human UNG gene consists of seven exons and encodes 8-oxoG, U and AP sites both the nuclear (UNG2) and mitochondrial (UNG1) forms of
The in vitro repair of 8-oxoG, U and AP site was analyzed as described (5) . the enzyme (18) . The two forms are generated by alternative Briefly, 300 ng of plasmid substrates containing a single 8-oxoG, U or AP site at a defined location (termed pGEM-8oxoG, pGEM U, pGEMX, splicing and the use of two promoters (19). Both UNG2 and respectively) or no damage (termed pGEM T) were incubated with 30 µg of UNG1 can be detected in proliferating tissues, whereas UNG1 GM 5757 extract protein for 3 h at 30°C in the presence of the indicated is the predominant form in tissues with low or no proliferation molar concentrations of hOGG1, UNG∆84 and APE/HAP1. [ 32 P]dGTP was (20) . Nuclear UNG2 differs from the mitochondrial form the labeling nucleotide when BER of a single 8-oxoG was under investigation whereas [ 32 P]dTTP was the labeling nucleotide on pGEM U and pGEM X.
UNG1 in 44 amino acids of the N-terminal sequence that is
After the repair reaction, the DNA reaction product was purified and treated not necessary for catalytic activity (19). UNG2 has a mass of with the restriction endonucleases XbaI-HincII. The repair incorporation in 34.6 kDa. UNG proteins, however, migrate as slightly larger the resulting 8mer fragment is mostly derived from one nucleotide insertion proteins in SDS-PAGE (18) and UNG2 migrates as a protein BER (9). The amount of repair replication (expressed as Net CPM of of~38 kDa. This form is the major species in most tissues, [ 32 P]dNMP incorporated) was quantified by densitometric scanning of autoradiographic bands. An hOGG1 enzyme with no polyhistidine tag was used in representing~70% of the total UNG activity (18) . UNG1 is these experiments. The enzymatic activities of hOGG1, UNG∆84 and APE/ translated and rapidly imported into the mitochondria where HAP1 were determined as described (10,11,17).
it is cleaved to a species of 31 kDa that represents~20% of the total UNG activity (21). Furthermore, both UNG2 and Results UNG1 can be cleaved by either mitochondrial or lysosomal hOGG1 proteases to a same species of 27 kDa. The UNG concentration in GM 5757 extracts was quantified Based on sequence homology with yeast Ogg1, the cDNA of using as standard protein a recombinant UNG (UNG∆84) that hOGG1 has been cloned independently in other studies closely resembles the mature form of the human enzyme (7). (12-14). The hOGG1 gene is composed of eight exons, and A representative quantification experiment is shown in Figure  several splicing isoforms have been identified (12,15) . The 2B. Twenty-five microliters of GM 5757 whole cell extracts different mRNAs resulting from differential splicing are were fractionated in lanes 1 and 2 and 25 µl of purified expected to encode different hOGG1 polypeptides that each possesses a unique C-terminus (15) . Indeed, enzyme purifica-UNG∆84 protein at the indicated concentrations were resolved in lanes 3-6. Three bands were detected in extracts that 7.39 Ϯ 0.82ϫ10 -9 M corresponding to 178 000 Ϯ 20 000 corresponded to the 38 kDa UNG2 form (lanes 1 and 2, upper molecules per cell. Sixty-nine percent of UNG protein was band), the 31 kDa UNG1 form (intermediate band) and the 27 nuclear (UNG2) whereas approximately half of the remaining kDa form derived from protease-cleavage (lower band).
31% was mitochondrial (UNG1) and the other half was derived The relationship between absorbance of bands of UNG∆84, from proteolytic digestion. as determined by scanning densitometry (lanes 3-6), and APE/HAP1 protein concentration was plotted ( Figure 2B ). The equation
The gene for APE/HAP1 has been cloned in different studies describing the linear part is y ϭ -0.452 ϩ 0.635x (r 2 ϭ 0.97).
(22-25). It codes for a 37 kDa protein with strong sequence Using this equation, the values of UNG2 protein concentration similarity to E.coli exonuclease III, with which it shares in the two lanes of GM 5757 extract (lanes 1 and 2) in this 30% sequence identity and 50% sequence similarity. Western experiment were 2.97 and 2.75ϫ10 -9 M respectively. The analysis of HAP1 protein in human cell extracts detects a concentrations of the 31 kDa (UNG1) form were 1.04 and single protein of M r ϭ 37 000 (26). 1.03ϫ10 -9 M, respectively. Those of the lower band form were An immunodetection experiment of APE/HAP1 in GM 5757 1.24 and 1.11ϫ10 -9 M, respectively. Total UNG concentration extracts is shown in Figure 3A . Similarly to the above values were 5.25 and 4.89ϫ10 -9 M.
experiments with hOGG1 and UNG, 25 µl (115 µg protein) Fourteen experiments were performed (Table I) . Mean Ϯ SEM for total UNG from these 14 experiments was of GM 5757 extract were fractionated in lanes 1 and 2 and 25 µl of APE/HAP1 solution at concentrations of 5, 10, 50 and particular, the oxidized base 8-oxoG poorly stimulates DNA repair replication in an in vitro BER assay (5,28) in comparison 100ϫ10 -9 M were resolved in lanes 3-6, respectively. A single band of M r ϭ 37 000 was detected in extracts (lanes 1 and to U and the natural AP site. Repair incorporation stimulated by 8-oxoG is on average 4-fold lower than that stimulated by 2). The purified APE/HAP1 polypeptide produced by cleaving from a GST fusion protein migrated slightly faster than the U, which in turn is repaired 7-fold less efficiently than a single AP site (ref. 5 and this study). BER of 8-oxoG and U is extract protein. This could be due to a difference in the phosphorylation status of the two proteins [the extract APE/ initiated in human cells by the two major specific glycosylases hOGG1 and UNG, whilst repair of natural AP sites is started HAP1 can be phosphorylated (27) unlike the recombinant one], or simply to delayed migration of APE/HAP1 in extracts by the major hydrolytic endonuclease APE/HAP1. In order to discriminate whether the different repair rates of 8-oxoG, U due to the large amount of proteins loaded in the wells. The plot describing the AU*mm of purified APE/HAP1 bands as and the natural AP site could be linked to different expression levels of hOGG1, UNG and APE/HAP1, we have determined a function of protein concentration is shown in Figure 3B . The equation describing the linear regression is: y ϭ -0.389 the number of molecules of these repair proteins per normal human fibroblast. ϩ 0.091x. The r 2 coefficient of this equation was 0.99. The values of APE/HAP1 concentration in GM 5757 extracts as APE/HAP1 was the most abundant enzyme (297 000 molecules per cell). This estimate was in agreement with the determined by the intensity if bands in lanes 1 and 2 were 17.99 and 15.58ϫ10 -9 M, respectively. number of APE/HAP1 molecules (350 000 molecules per cell) in normal human fibroblasts obtained in another laboratory A total of 14 experiments were carried out ( Table I ). The average concentration value Ϯ SEM was 12.32 Ϯ 2.07ϫ (29, 30) . The limited difference may be explained by the different quantification techniques as well as the different cell 10 -9 M that corresponds to 297 000 Ϯ 50 000 APE/HAP1 molecules per cell.
strains employed (29, 30) . A unique band was detected, in agreement with previous reports showing that no isoforms of Effect of purified hOGG1, UNG and APE/HAP1 on the in vitro APE/HAP1 exist in human cells (8,26). repair of 8-oxoG, U and AP sites UNG was expressed at a level of 178 000 molecules per A direct way to address the question of whether hOGG1, UNG cell. Most of them (69%) were represented by the 38 kDa and APE/HAP1 may be rate-limiting during BER of 8-oxoG, UNG2 nuclear form in agreement with previous determinations U and the AP site is to add titrated amounts of each recombinant (18) . The ratio APE:UNG in terms of number of molecules protein to in vitro repair reactions and look at the extent to per cell (1.7:1) was much lower than the ratio of in vitro repair which repair efficiency is increased. One experiment of this replication efficiencies of human cell extracts on the AP site kind is shown in Figure 4 . Figure 4A shows a schematic and U [7:1 (ref. 5 and this study)] thus indicating that the representation of pGEM 8-oxoG, pGEM U, pGEMX and differences in repair replication efficiency depend on the level pGEM T (control) plasmid substrates with relevant restriction of initiating enzyme to only a limited extent. sites XbaI and HincII. Characterization of these substrates has hOGG1 was expressed at the lowest level. Six isoforms of been described previously (5, 9) . pGEM 8-oxoG ( Figure 4B , this enzyme, probably generated via alternative splicing (15), lanes 1-3), pGEM U (lanes 4-6) and pGEMX (lanes 7-9) could be recognized by an anti-hOGG1 polyclonal antibody plasmid substrates were incubated with 30 µg protein of GM raised against the whole protein, but a major band of M r ϭ 5757 extract for 3 h in the presence of the indicated final 38 000 was predominant. This probably corresponds to the concentrations of hOGG1 (lanes 2 and 3), UNG∆84 (lanes 5 major form cloned by Radicella et al. (13) and purified from and 6) and APE/HAP1 (lanes 8 and 9). The quantification of human nuclear extracts by Nishioka et al. (15) . With respect to repair synthesis (Net CPM of [ 32 P]dNMP incorporated, bottom the other isoforms, one or more probably reside in mitochondria of Figure 4B ) shows that the repair replication stimulated by where BER of 8-oxoG has been documented (31). We estimated a single 8-oxoG (lane 1, black column) is less efficient (3.5-46 000 Ϯ 9000 38 kDa hOGG1 molecules per human fibroblast fold) than that stimulated by a single U (lane 4, hatched and 123 000 Ϯ 22 000 molecules per cell when all isoforms column) in agreement with a previous experiment (5). In turn,
were added together. The number of hOGG1 molecules per the latter is repaired less efficiently (4.5-fold) than a single cell that we found in GM 5757 fibroblasts was 1.45-and 2.41-AP site (lane 7, white column). Addition of purified active fold lower with respect to that of UNG and APE/HAP1, thus hOGG1 at 10ϫ10 -9 M final concentration (lane 2, black only partially explaining the reduced ability of human cell column) stimulated 7.6-fold the poor in vitro repair of 8-oxoG extracts to perform repair replication of 8-oxoG in comparison while a micromolar concentration (1000ϫ10 -9 M; lane 3, black to U and the AP site [4-and 28-fold, respectively (ref. 5 and column) produced a more limited increase (2.7-fold). Addition this study)]. of purified UNG∆84 (10ϫ10 -9 and 1000ϫ10 -9 M; lanes 5 and Addition of titrated amounts of pure enzymes to reaction 6, hatched columns) increased repair replication of U of mixtures had different effects on repair of 8-oxoG, U or the 2.5-and 3.4-fold, respectively. Addition of 10ϫ10 -9 M APE/ natural AP site ( Figure 4B ). HAP1 (lane 8, white column) slightly improved (1.4-fold) the Purified APE/HAP1 at nanomolar concentrations (lane 8) repair replication of a single AP site while an inhibitory could only slightly (1.4-fold) stimulate the repair of a single effect (2.2-fold decrease) was observed with the micromolar AP site while an inhibiting effect was observed at micromolar concentration (lane 9, white column). No damage-independent concentrations (lane 9). This suggests that the endogenous incorporation was observed on pGEM T control substrates supply of APE/HAP1 may be close to optimum levels in (lane 10).
extracts, in accordance with the elevated levels observed (297 000 molecules per cell), and that high enzyme concentraDiscussion tions may in fact interfere with the repair reaction. Addition of pure UNG∆84 at both nanomolar and microRecent work has shown that endogenous lesions to DNA are repaired with varying efficacy by human cell extracts. In molar concentrations (lanes 5 and 6) consistently stimulated cell extracts: 8-oxoguanine is poorly repaired by human cell extracts.
the repair replication of pGEM U 2-3-fold. This indicates that 
